A new method for the accurate a priori calculation of atomic and molecular energies is proposed. The The description of the electronic structure of atoms and molecules in terms of one electron orbitals provides a simple and therefore useful starting point for any more detailed theory. The energy obtained from calculations based upon orbitals is generally in error by about 0.015 au (10 kcal/ mole) * for each electron. Although these errors comprise a small fraction of the total energy, they are quite large by chemical standards. It is, therefore, necessary to go beyond an orbital picture to obtain a chemically adequate description of electronic structure.
The description of the electronic structure of atoms and molecules in terms of one electron orbitals provides a simple and therefore useful starting point for any more detailed theory. The energy obtained from calculations based upon orbitals is generally in error by about 0.015 au (10 kcal/ mole) * for each electron. Although these errors comprise a small fraction of the total energy, they are quite large by chemical standards. It is, therefore, necessary to go beyond an orbital picture to obtain a chemically adequate description of electronic structure.
The errors inherent in an orbital model can be accounted for in terms of the correlated motion of the electron pairs (1) . The novel feature of the new method is that the correlation correction is determined in an a priori fashion directly from the orbitals. This allows us to treat much larger systems than we could by calculating correlation energies using an ab initio variational approach, but maintains our ability to predict these correlation energies as functions of molecular geometry. The latter is absolutely necessary if we are to examine potential energy surfaces for chemical reactions. It is with an eye towards the study of transition states and reaction pathways that the new method has been developed.
GENERALIZED VALENCE BOND PAIR ENERGIES
If we introduce electron correlation into the wavefunction explicitly (2) , our calculation becomes much more difficult.
If we use configuration interaction (3), the wavefunction is no longer easy to interpret. We shall, therefore, follow Sinanoglu (1) , and express the total energy as the sum of the energy resulting from an orbital calculation, plus a sum of pair energies. Since we want the orbital pair energies to include only the effects of real dynamic electron correlation, (4) so that we can describe the dissociation of chemical bonds, we select the generalized valence bond (GVB) orbitals developed by Ladner and Goddard (5) as our starting point: EPCGVB = EGVB GVB [1] i<j and refer to the corrected result as the pairwise correlated generalized valence bond (PCGVB) method.
In order to picture the general behavior of GVB electron pair correlation energies, let us consider two hydrogen atoms, A and B, at large separation (Fig. la) . The electron repulsion is RB and is not altered -by electron correlation (if we ignore the small Van Der Waals attraction). As we bring the two atoms closer together, the charge distributions begin to overlap (Fig. lb) . The electron repulsion is now RAB plus an additional term arising from the overlapping of the two charge distributions where r12 is very small. It is this additional term that is removed by electron correlation. In the correlated wavefunction, only one electron will occupy this region at a time. Hence, the correlation energy is determined by the overlapping of the two charge distributions, rather than by the total electron repulsion. This is-true not only for the large bond lengths we have considered above, but also for the united atom limit when RAB is zero (Fig. ic) . If we increase the nuclear charge, the size of the orbitals decreases ( Fig. 1d ) and the total electron repulsion increases. Hence, as z approaches infinity, so does the total electron repulsion. However, the correlation energy has a finite limit, and therefore cannot be proportional to the total electron repulsion. We shall now examine the GVB expression for the energy and obtain a functional form for the overlap dependence of the correlation energy.
We shall not attempt to rigorously derive an exact relationship between pair energies and orbital overlaps (which is probably impossible), but instead we shall use the form of the GVB energy expression as a guide to help us to discover an approximate but useful relationship. Since the GVB wavefunction and the exact wavefunction both satisfy the virial theorem, we can restrict our discussion to the GVB error in the potential energy. The error in the potential energy obtained from a GVB wavefunction (5) for two electrons can be expressed as a coulomb term plus or minus an exchange term: [2] where V, J, K, and S refer to nuclear attraction, coulomb, exchange, and overlap integrals respectively. The plus and minus signs refer to singlet and triplet states and we have assumed normalization of the orbitals.
We shall find it convenient to define the orbital, so, as the geometric mean of the orbitals j and o2:
(Pl(P2 1/ _p {S1f2 [3] where the denominator is necessary to preserve normalization. The motivation for considering this geometric mean is that the Hartree-Fock (HF) orbital is very nearly the geometric mean of the two GVB orbitals it splits into (Table 1) . This geometric mean approximation is equivalent to the physically reasonable assumption that the average nuclear charge seen by two electrons is independent of the orbital splitting. The approximation is clearly excellent for low values of the nuclear charge, and is exact in the limit of infinite nuclear charge (Table 1) .
Making use of this geometric mean orbital, the exchange term of the GVB potential energy error can now be expressed as: [4] where (V)RF is the HF potential energy for the doubly occupied orbital so. Hence, the exchange term is related in a simple way to the overlap and the HF potential energy error. Unfortunately, the coulomb portion of the GVB potential energy error cannot be disposed of as neatly as the exchange term. However, if we make an additional approximation, we can obtain an expression for the coulomb term that is reasonably accurate and extremely useful. If we examine the coulomb and exchange terms we find that:
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We recall from the above that the portion of the electron repulsion that is removed by electron correlation arises from the region where the two charge distributions overlap and r12 is very small (1) . Therefore, ri is similar to r2 and:
in the region where electron correlation is important. The absolute values are necessary to preserve the sign of the two electron distribution. The change in the coulomb term when we introduce electron correlation is therefore roughly given by: [8] where the absolute overlap integral, SI 12 is defined as: [9] Substituting Eq. 4 and Eq. 8 in Eq. 2 we arrive at the approximation: [10] where I's GVB * XlS112 S12 HF 1 i+ S12 [11] for two electron systems in their equilibrium geometry. For systems with three or more electrons, we encounter orbitals that are neither singlet nor triplet coupled (5) . The pair energies of these "doublet coupled" pairs can be analyzed in the same way to obtain the approximation: 2 GVB . XISc2 HF e12* X 12'fCfr- [12] If we use the value of eHF from the molecule of interest, the exclusion effects suggested by Sinano'lu (1) [13] we see that x should equal 1 whenever the GVB and HF pair energies involve the same kinds of correlation. For example, the (2s,2s') pair in the beryllium atom involves almost exclusively an angular correlation whether we begin with the HF or the GVB wavefunction. However, although HF (is)2 pair energies include both angular and radial correlation, the GVB (ls,ls') pair energies include only angular correlation (4), and XsI,,,, should, therefore, be less than 1. Examination of the asymptotic forms of HF, GVB, and exact solutions of two electron atoms as the nuclear charge becomes infinitely S12 FIG. 2. The ratio of the GVB to HF electron correlation energy between two nodeless orbitals is a simple function of the overlap (Eq. 14). The numbers at the points correspond to the atomic and molecular examples in Table 2 large (so that S12 approaches 1), indicates that an appropriate choice of Xisls' would be approximately (A/2 -1). The value of x that will make Eq. 11 exact is compiled in Table 2 for a variety of atomic and molecular states. These values fall quite nicely into the two categories we have predicted, and indicate that the appropriate value of x is easily decided upon from the types of orbitals involved in the pair interaction.
EXAMPLES
The closed shell ground states of two-electron atoms and molecules provide an unambiguous test of whether we can accurately predict individual GVB pair energies, since they have only one pair energy and we know the exact total energies (6, 7) . For these systems whose orbitals are everywhere positive, Eq. 11 reduces to the relationship:
2 Coo) [14] between the HF and GVB pair energies. This overlap dependence of the ratio of the GVB and HF pair energies is easily tested and turns out to be remakrably accurate (Fig. 2 ).
There can be little question of the importance of GVB orbital overlaps in the determination of GVB pair energies for these systems.
We can rearrange Eq. 14 to obtain the total energy estimate:
V12 )S2 (EHF -EGVB), [15] 1-(V,,2 -1)2 so that the PCGVB method can be viewed as an extrapolation of the HF and GVB calculations. Total energies calculated using Eq. 15 are presented in Table 3 for two-electron atoms and in Table 4 for the hydrogen molecule. Our extrapolation is clearly successful; we have reduced the errors in our energy estimates by two orders of magnitude. A more critical test case for our ability to examine reaction pathways is provided by the hydrogen molecule at geometries other than the equilibrium bond length, Re. We arrived at Eq. 14 by using the geometric mean approximation and the form of the virial theorem appropriate to equilibrium geometries, and hence this relationship is not necessarily a good approximation at other geometries. However, if our original argument that the GVB pair energies are primarily determined by orbital overlaps is valid, then c-00 is simply a scale factor depending upon the nuclear charges and types of orbitals, but not the geometry of the nuclei. Hence, we are tempted to extend the overlap approximation to non-equilibrium geometries through the expression:
V2S22(R) HF E12 [16] for R not equal to Re, since Eq. 14 is valid when R equals Re. This nicely approximates the observed behavior of the GVB pair energy of H2 as we vary the bondlength (Fig. 3) . At We cannot test the accuracy of the detailed potential energy surface that the PCGVB method gives for molecules with four or more electrons, since no ab initio calculations of comparable accuracy have been performed on even four electron molecules. However, we can compare the drop in energy that is observed when a pair of orbitals is allowed to split (13) with the drop predicted by the overlap approximation for a series of carbon-carbon a and w bonds (Fig. 5) . The dominant role of overlap in the determination of GVB pair energies is again evident. The suggestion that the overlap approximation for GVB pair energies may apply to carboncarbon bonds at nonequilibrium geometries with the accuracy we have observed for the hydrogen molecule is indeed encouraging.
CONCLUSIONS
The PCGVB method looks very promising as a method for the accurate description of potential energy surfaces for chemical reactions. Calculations on trial systems indicate that the method will provide accurate estimates for excitation energies and for activation energies for chemical reactions.
